Functional specialization of human auditory cortex for musical processing
Music has been a fascination of our species since time immemorial. It is only quite recently, however, that it has come to be accepted as a suitable topic for scientific study. Within cognitive neuroscience, it is now becoming increasingly clear that music provides a particularly rich domain that may yield important insights into the organization of the human brain. Although descriptions of musical disturbances following brain damage date back to the 19th century, there are still relatively few systematic, controlled experimental studies. The paper by Liégeois-Chauvel and colleagues in the present issue of Brain is therefore a welcome addition to this literature, as it provides some useful new information and confirms some previously described hypotheses.
The study of Liégeois-Chauvel et al. (1998) follows on from several previous investigations, the first of which was Milner's (1962) classic paper in which she described deficits following right temporal lobectomy for timbre, duration and tonal pattern discrimination, but not for simple pitch discrimination. The contrast between these impairments and the linguistic deficits following left temporal-lobe damage was initially conceptualized as corresponding to a verbal/ non-verbal dichotomy; but as Liégeois-Chauvel et al. point out, characterizing hemispheric differences in terms of such over-generalizations has not proved to be so useful. Instead, contemporary approaches attempt to define the processing components involved in a given cognitive task, and then to identify the neural substrates that may correspond to these components. In this sense, the contribution of Liégeois-Chauvel's study is helpful in pointing out how distinct musical processes may depend differentially on specific cortical sites lateralized to one side or the other. Among the findings relevant to this question is the confirmation that the right superior temporal gyrus (STG) is important for processing pitch patterns; this is in agreement with previous lesion data (Milner, 1962; Zatorre, 1985; Samson and Zatorre, 1988; Zatorre and Samson, 1991) as well as with functional imaging studies (Zatorre et al., 1994; Binder et al., 1997) . Interestingly, however, when a pitch change is introduced to a melodic sequence such that it preserves the scale and contour of the target melody, patients with left temporal-lobe resections (including or excluding the STG) perform as poorly as do those with right-sided excisions, a finding also consistent with previous studies (Peretz, 1990) . Thus, far from supporting any simplistic distinction between right-and
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left-hemisphere functions, these data highlight the complex, interactive nature of the processing demands inherent even to a seemingly simple discrimination task, and emphasize the importance of using sophisticated models of cognitive tasks in neuropsychological studies.
Another important issue raised by Liégeois-Chauvel's study is anatomical specificity. Cytoarchitectonic and neurophysiological investigations of the STG in the monkey clearly indicate the existence of multiple auditory cortical areas (Rauschecker et al., 1995) . What remains an important task for cognitive neuroscience is to understand the functional characteristics of these regions in the human brain, their contribution to complex auditory processing and their interactions with other neural regions. It is especially crucial to understand how the basic functional and structural organization of the mammalian auditory nervous system has been adapted for the most characteristically human uses of sound: speech and music.
In keeping with this idea, it is interesting to consider the dissociation reported by Liégeois-Chauvel et al. between lesions involving only the anterior aspect of the STG, as contrasted with those involving only the posterior STG. It is clear from their data that the posterior removals result in the greatest deficit in the pitch-based tasks. This finding gives some hints about the possible specialization of function within the STG, with more posterior regions perhaps containing neuronal mechanisms which compute certain specific aspects of pitch patterns. This finding is paralleled by several previous studies which have shown that excisions of the STG that encroach on to the lateral portion of Heschl's gyrus produce significantly greater deficits on certain tonal processing tasks than do more anterior lesions (Zatorre, 1985; Samson and Zatorre, 1988; Penhune et al., 1998) . However, it is difficult to accept the statement of Liégeois-Chauvel et al. that the anterior portion of the STG is not involved in pitch perception: since their analysis of anterior versus posterior lesions included both left-and right-sided cases, and the posterior lesions were more common on the right, it may be that the effects of right anterior STG removals were obscured or confounded. Moreover, considerable previous evidence implicates the right anterior STG in various tonal processing functions (Milner, 1962; Zatorre, 1985; Samson and Zatorre, 1988) , and some functional imaging data also concur with this conclusion (Zatorre et al., 1994; Binder et al., 1997) . Hence, it seems prudent to conclude that both anterior and posterior regions of the STG are implicated in tonal processing, but perhaps contribute in different ways which have yet to be completely understood.
A related issue which should be brought up in this context is the question of lesion localization. It is clear, given the foregoing discussion, that specifying the damaged areas is crucial to interpreting any behavioural results. One aspect of this problem concerns verification of the tissue reported to be excised. Without MRI or other structural imaging techniques it is often difficult to be certain of the precise limits of a lesion or surgical resection. Indeed, recent studies have demonstrated that important discrepancies can exist between the intended surgical excision and the true areas removed or damaged (Jones-Gotman et al., 1997; Penhune et al., 1998) , emphasizing the importance of obtaining objective estimates of the lesioned areas. A related problem concerns the identification of the precise sites of damage, and obtaining quantitative estimates of the lesions. The use of a standardized template, such as that provided by the Talairach and Tournoux atlas used by Liégeois-Chauvel et al. is helpful for this purpose, as it provides a common anatomical reference. A related approach, involving stereotaxic transformation of MRI images by linear scaling and probability mapping of relevant structures, has also recently been developed and applied to the auditory cortex (Penhune et al., 1996 (Penhune et al., , 1998 . The latter approach has the advantage of providing quantitative estimates of the regions encroached upon, using three-dimensional volumes of the anatomical structures.
Another quite interesting issue brought up by Liégeois-Chauvel et al. is the processing of temporal information, an essential aspect of all music which has not received as much attention as pitch processing. The authors report an important dissociation between rhythm discrimination and identification of meter. Rhythm discrimination was most affected by posterior STG damage, a finding consistent with recent evidence that reproducing simple temporal patterns is impaired by right STG lesions that encroach on to the lateral portion of Heschl's gyrus (Penhune et al., 1998) . The meter task was affected by anterior damage to either temporal lobe; it is interesting to speculate that this effect may be related to the task, which required classification into semantic categories ('waltz' versus 'march'), and it is perhaps this aspect that is most crucial. In any case, these dissociations again highlight the importance of cognitive task analysis to building meaningful models of neural function: simplistic distinctions based on intuition clearly will not do.
The global picture that emerges from studies of music and its neural substrate is by no means clear as yet, but it is fair to say that some progress has been made. Traditional behavioural-lesion approaches, such as exemplified by this paper, coupled with functional imaging and other newer techniques, are sure to provide additional insights in the near future. What is certain is that our understanding will grow as more investigators realize the potentially useful role that music can play as a means of uncovering many important aspects of the organization of the human brain.
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